There is a large range of survival times in patients with HGA that can only be partially explained by histologic grade and clinical aspects. This study aims to retrospectively assess the predictive value of single-voxel 1 H-MRS regarding survival in HGA.
H
igh-grade astrocytomas (WHO class III or IV) are the most common glial tumors. The survival rate for patients with these tumors is poor and ranges between a few days and several years. 1, 2 The reasons for this large variability from patient to patient are not fully understood. Treatment with chemotherapy and/or radiation therapy can be offered and has been found to improve overall survival and progression-free survival. 3, 4 A precise prognostic assessment of these patients, as well as some predictive evaluation of survival after treatment, would be helpful to decide the indication for intensive treatments. Histopathologic WHO grade remains the best prognosis factor for these tumors, but this assessment can be inappropriate in some cases because of sampling error, 5 the large range of the WHO classification, interpathologist and intrapathologist variability, 6, 7 and the difference in the biology of tumors within the same WHO grade. 8 Other prognostic factors, such as age, extent of surgery, and KPS, have been found to be useful in specifying the prognosis. 9, 10 Functional MR imaging techniques, such as DWI, PWI, and 1 H-MRS, yield structural and metabolic information that may provide better insight into tumor functionality and improve the prognostic stratification of brain tumors. 11 Recent work has shown the potential of DWI and PWI in discriminating tumors of good and poor prognosis in the brain. [12] [13] [14] Oh et al 15 found a significantly shorter median survival time for patients with a large volume of metabolic abnormality, measured by 1 H-MRS. Additional studies have evaluated some particular resonances of the spectrum and have found them to be useful for predicting patient outcome in gliomas. 16, 17 The purpose of our study was to determine which regions of the spectrum, evaluated both at STE and LTE, were the most relevant for predicting survival in HGA and to analyze the potential of 1 H-MRS for discriminating patients with good and poor prognosis.
Materials and Methods

Patients
Prior written informed consent for routine MR imaging studies was obtained from all patients. This retrospective study was approved by the institutional review board of our hospital with a waiver of specific informed patient consent. We retrospectively selected all patients who had been studied at our hospital with 1 H-MRS on the diagnostic pretreatment examination and who met the following inclusion criteria: 1) pathologically confirmed high-grade astrocytoma (WHO class III or IV); 2) absence of oncologic treatment, including surgical biopsy, before 1 H-MRS; 3) spectra of good quality at a visual inspection; and 4) availability of all the clinical data required for the study (age, sex, WHO histology grade, extent of surgery, KPS, treatment administered. and overall survival). A spectrum was considered to be of poor quality when large peak linewidth, poor signal intensity-tonoise ratio, or obvious artifacts precluded precise quantification of some areas of the spectrum. Death related to surgery was considered an exclusion criterion. A total of 291 consecutive patients with HGA (criterion 1) were studied with 1 H-MRS at our hospital between August 1997 and August 2009. Of them, 21 patients were excluded because of prior oncologic treatment (criterion 2). In 43 patients, spectra obtained at both TEs were considered to be of poor quality and the patients were excluded (criterion 3). Seven additional spectra at STE and 5 at LTE were excluded, but patients were retained in the study because the spectrum at 1 TE (short or long) was of satisfactory quality in the assessment. Twenty-five patients could not be included because they were lost to follow-up and some clinical data could not be obtained (criterion 4). Finally, 15 patients were excluded because death was related to postsurgical complications. As a consequence, the definitive dataset of the study included 180 spectra at STE and 182 at LTE, pertaining to 187 patients. Patient medical records were reviewed by 2 authors (C.M. and J.B.), and data about age, sex, WHO histology grade (III or IV), extent of surgery (biopsy, partial resection, or complete resection), KPS after surgery, treatment administered (conservative support, radiation therapy alone, or chemoradiotherapy), and overall survival were collected. In all cases, patient treatment after histologic diagnosis, as well as in tumor recurrence, was decided in the multidisciplinary neurooncology unit of our hospital on the basis of standard management. Our protocol for the treatment of malignant astrocytomas consists of maximal surgical debulking to the greatest possible extent followed by standard focal radiation therapy (30 ϫ 2 Gy) plus concomitant (75 mg per square meter of body surface area per day, 7 days per week from the first to the last day of radiation therapy) and adjuvant (150 -200 mg per square meter for 5 days during each 28-day cycle) temozolomide, according to the protocol reported by Stupp et al. 3 Nevertheless, due to the large timeframe evaluated in the study, we included patients treated with different protocols. Before concomitant and adjuvant chemoradiotherapy with temozolomide had become the standard treatment for newly diagnosed malignant astrocytoma, 3 patients
were treated with nitrosourea-based chemotherapy administered concurrently with radiation therapy. If tumor recurrence or progression was documented, we considered salvage surgery, additional radiation therapy, and/or additional chemotherapy (temozolomide, nitrosoureas, or bevacizumab plus irinotecan). Treatment with steroids was reduced to the minimum needed for clinical control of symptoms. Patient survival after undergoing 1 H-MRS was studied. For those patients who survived past the date of our analysis (n ϭ 27), survival was right censored in the survival analysis to February 15, 2010 . In 15 patients, we could determine only that the patients were alive on a particular date, and these patients were lost to follow-up. They were right censored in the analysis to the known time interval. The main body of the study was made up of the patients for whom the date of death was known (total, 145 patients who provided 140 spectra at STE and 140 spectra at LTE). These cases were used for all the computations, while right-censored cases were only included for the survival analysis with the Kaplan method and Cox proportional hazards model. 18 All spectra were consecutively processed by the same spectroscopist (C.M.), who has 12 years of experience in spectroscopy and who was blinded to patient data in the processing sessions. Zeroorder phase of the spectra was manually corrected when appropriate. Chemical shifts in the frequency domain were internally referenced to the peaks of creatine at 3.03 ppm or choline compounds at 3.21 ppm. Each free induction decay was Fourier-transformed with 1-Hz linebroadening. The intensities of the points of the spectrum included between 0.00 and 4.00 ppm (I 0.00 -I 4.00 ; total, 131 points) were selected and used as input for the normalization and statistical analysis. The data vector was normalized to unit-length. 19, 20 With this method, the squares of the intensities of each point were summed and the normalized intensity values (NI x.xx ) were obtained by dividing the intensity value of each point by the square root of this sum: a No significant differences were found when only the noncensored patients were evaluated, but the differences reached significance level when the censored patients were included in the survival analysis. b Significant differences were found with the logrank test.
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Statistics
From the statistical point of view, the spectra were considered a series of numbers that delineate the graphics shown as spectra. We considered each point in the spectrum to be a variable for the statistical analysis. The first step in the study was to select the variables that could provide a better prognostic assessment. To do this, we dichotomized the datasets of patients for whom the dates of death were known into 2 groups: 1) patients with survival better than the median, and 2) patients with survival worse than the median. Both groups were compared using the Mann-Whitney U nonparametric test. We considered that the points of the spectrum that showed the most significant differences in the statistical test were those that could better differentiate the 2 prognostic groups. To improve the consistency of the results, we used only those points having Ն2 neighboring points with significant differences. This method, which has been previously used, 19 helps to avoid some differences that could occur due to chance. To obtain an easily implementable index for clinical practice, we generated ratios between selected spectroscopy points and evaluated them when possible. We considered that the ideal situation for constructing a ratio with 2 spectroscopy points was that in which the intensities of both points showed an opposing tendency in the prognostic groups (ie, high intensity value of 1 point in the poor prognosis group and low intensity value of the other point). Accordingly, ratios were constructed only when 2 of the spectroscopy points selected with the Mann-Whitney U test showed an opposing tendency in relation to survival. The previous step of the statistical analysis was used as feature selection, and only the selected spectroscopy points and ratios were used for further analysis of survival. We constructed a method to stratify patients into 2 groups hypothesized to represent patients with good and poor prognosis. For this method, threshold values for the selected variables were obtained by constructing ROC curves. The groups generated were compared using the Kaplan-Meier method to detect differences in survival by means of logrank statistics. Survival modeling was performed in 3 patient populations: the population of all patients, a subgroup of patients treated with chemoradiotherapy, and a subgroup of patients who received only conservative support treatment, because we wanted to evaluate the applicability of the predictive potential of spectroscopy for each group. The Cox proportional hazards model with forward stepwise model selection analysis was used to determine which variables had a stronger potential for predicting survival in HGA and, accordingly, could be considered the best-suited for a prognostic assessment. This method includes the variables in the modeling of survival in a stepwise model. In the first step, the method chooses the variable that provides the strongest pre- diction of survival. At each step, the method selects the candidate variable that improves the prediction of survival the most and stops adding variables when adding a new variable will not significantly improve the potential for predicting survival. Prognostic variables evaluated in the model were both clinical (age, sex, WHO grade, KPS, extent of surgery, and treatment administered) and spectroscopic (the normalized intensities of spectroscopy points and the ratios selected in the first step of the analysis). Differences of P Ͻ .05 were considered statistically significant.
Results
A total of 187 patients fulfilled the inclusion criteria and were retained in the study. At the time of last assessment (February 15, 2010), 27 patients were alive after 879 days of median follow-up (range, 266-3454 days). Follow-up for deceased patients ranged between 23 and 1400 days (median, 187 days).
Additionally, 15 patients were lost to follow-up after 315 days of median follow-up (range, 83-1078). Patient data and known prognostic factors are shown in Table 1 . The dataset of 145 patients for whom the date of death was known was dichotomized into 2 groups: survival shorter than (71 patients, 69 spectra at STE and 69 at LTE) and longer than (72 patients, 69 spectra at STE and 69 at LTE) the median survival value (187 days). The average spectra for these groups are shown in Fig 1. Two points of the spectrum at STE were selected for further analysis according to the criteria defined in the "Materials and Methods" section, 0.98 ppm (P Ͻ .001) and 3.67 ppm (P ϭ .006), and another 2, at LTE, 0.98 ppm (P Ͻ .001) and 1.25 ppm (P ϭ .011). The ratio between the intensities at points 3.67 and 0.98 ppm was calculated for STE spectra (I 3.67 / I 0.98 ) and was included in the analysis. No representative point with significant differences was found at an LTE that could Survival curves for patients are dichotomized by the following: the intensity value of the spectroscopy point 0.98 ppm at STE, normalized to unit-length (NI 0.98 ) (A), the intensity value of the point 3.67 ppm at STE, normalized to unit-length (NI 3.67 ) (B), the value of the ratio between the intensities of the points 3.67 and 0.98 ppm at STE (I 3.67 /I 0.98 ; note that no additional normalization is required for ratios) (C), the intensity value of the point 0.98 ppm at LTE, normalized to unit-length (NI 0.98 ) (D), and the intensity value of the point 1.25 ppm at LTE, normalized to unit-length (NI 1.25 ) (E).
be used to construct a ratio with the resonances of 0.98 and 1.25 ppm. Accordingly, ratios were not used for LTE spectrum analysis. Threshold values for discriminating groups are shown in Table 2 , along with their prognostic performance. All the spectroscopy points selected in the feature selection step with the Mann-Whitney U test method provided stratification of patients in groups with significant differences in survival, assessed with the Kaplan-Meier method (P between Ͻ.001 and .003). This was true for all spectroscopy points and subgroups of patients with the exception of NI 0.98 at STE in the conservative-support treatment group, which did not reach statistical significance. Multivariate analysis revealed that the prognostic value of spectroscopic variables was independent of age, sex, WHO histologic grade, extent of surgery, KPS, and treatment administered. Figure 2 shows some survival curves calculated with representative spectroscopy points and ratios.
Two variables were selected in the Cox proportional hazards model with forward stepwise selection in the group of patients studied with STE 1 H-MRS: treatment administered and NI 3.67 (Table 3) . Three variables were selected in the group studied with LTE 1 H-MRS: treatment administered, NI 0.98 , and NI 1.25 (Table 4 ). Figure 3 shows 2 representative examples of the application of our findings.
Discussion
We found that 1 H-MRS could be used to stratify prognostic groups in HGA and that this prognostic assessment could be made by evaluating the intensity values of 2 points on the spectrum at STE (0.98 and 3.67 ppm) and another 2 at LTE (0.98 and 1.25 ppm).
Recent advances in treatment of gliomas have improved overall survival and progression-free survival, 3, 4 but these treatments are not totally safe, and adverse effects can appear in a non-negligible number of patients. Accordingly, it is important to define patients who can take advantage of intensive treatments and those for whom a conservative support treatment is a choice. Histopathology remains the reference standard for prognostic assessment, providing an insight into the morphologic cytostructure of the tumor. 1 Nevertheless, histopathology has its limitations in providing prognostic value, and additional factors have been defined for stratifying patients into diverse prognostic groups. A recursive partitioning analysis undertaken by the Radiation Therapy Oncology Group identified 4 risk classes for glioblastoma based on patient age, KPS, neurologic function, mental status, and extent of surgery. 9, 21 These items provide a prognostic assessment based on factors related to patient status and effectiveness of the surgical approach.
A subanalysis by the European Organization for Research and Treatment of Cancer and the National Cancer Institute of Canada included the MGMT promoter methylation status as an independent prognostic factor. 10 Because of the way the evaluation of the MGMT promoter methylation status provides an insight into the ability of the tumor to repair DNA damage, this work introduces a third milestone in the approach to prognosis of malignant astrocytomas. In addition to tumor cytostructure and patient performance status, the functionalism and the metabolomic profile of tumor cells could add useful information for specifying the prognosis of a particular case. Our study has shown that the information provided by 1 H-MRS may be of help in the prognostic assessment of patients. Selection of spectroscopic variables with the Cox stepwise forward model should be taken as strong support for the prognosis value of 1 H-MRS in HGA. We consider that these findings, though promising, should be confirmed in a prospective study. Nevertheless, they suggest that there might be some metabolic information in tumors that could help in specifying the prognosis of HGA and that this information could be assessed in a noninvasive way by 1 H-MRS. H-MRS is an MR imaging technique that provides biochemical information about the tissue being studied. In the field of brain tumors, this information has proved useful for discriminating tumors and pseudotumoral lesions, 22, 23 for discriminating between tumor types, 19 and for assessing the WHO grade of glial tumors. 24 In the present study, we found several regions of the spectrum that have prognostic value. The regions corresponding to 0.98 and 1.25 ppm have been attributed to the methyl and methylene groups of mobile lipids and have been correlated with tumoral necrosis. 25 Lactate could also make some contribution to the resonance at 1.25 ppm. Our study demonstrates that there is an inverse correlation between resonance intensity in these regions at both STE and LTE and patient survival (a high-intensity value of the peaks at 0.98 and 1.25 ppm correlates with low survival). More interesting is the finding that another region of the STE spectrum, around 3.67 ppm, showed a direct correlation with patient survival (a high-intensity value of the peak at 3.67 ppm correlates with high survival). Prior studies showed some prognostic value of the major resonances of the spectrum, such as choline-containing compounds, N-acetylaspartate, creatine, lipids, and lactate. 16, 17 The methodology used in our study provided the opportunity to detect differences in the area around 3.67 ppm, not evaluated in previous studies. This spectroscopy point offers the opportunity to formulate a ratio between metabolites at STE to be used in a clinical setting. Using ratios would have the advantage of producing a straightforward quantitative assessment of the spectrum that would not require any additional normalization procedure. Accordingly, STE 1 H-MRS may be considered somewhat superior to LTE 1 H-MRS for prognostic assessment of HGA in a real clinical situation. Nevertheless, spectra at both TEs may provide relevant information. Three spectroscopic variables and the clinical parameter "treatment administered" were selected in the multivariate analysis. We consider that these variables should be viewed as the ones with the greatest prognostic significance. Accordingly, finding a NI 3.67 Ͼ 0.0473 at STE, an NI 0.98 Ͻ 0.0267 at LTE, and/or an NI 1.25 Ͻ 0.0098 at LTE would correlate with good prognosis (Tables 3 and 4) . It was not possible in this study to define precisely which metabolite or metabolites could explain the prognostic value of spectroscopy found in the area around 3.67 ppm. Nevertheless, because of the extent of the region involved in the mean spectra (Fig 1) , the fact that it was only identifiable at STE, 26 and the similarity between the spectral pattern of the region and that of glucose in a phantom, 27 we hypothesize that glucose can play a role in this. A possible explanation for our findings is that high metabolic activity and consequently poor prognosis correlate with depletion of glucose in the extracellular compartment and, accordingly, with low intensity of the resonances that represent this compound in the spectra, centered at 3.67 ppm. Other compounds, such as glutamine, glutamate, glycerophosphocholine, 28 macromolecules, and lipid metabolites, may also play a role. Further ex vivo and in vitro examination is needed for a more precise assessment of the metabolites involved in these differences. 29 Our analysis has several possible limitations. One consideration is patient selection. Fifty of 270 eligible spectra at STE (19%) and 48 at LTE (18%) were excluded because of poorquality data. This exclusion limits the usefulness of 1 H-MRS in a clinical context. Nevertheless, we did perform 1 H-MRS as the last sequence of the MR imaging study. In view of our results, spectra of poor quality should be repeated in a specific spectroscopic examination when necessary, and then the rate of patients excluded would, hopefully, be significantly reduced. Another limitation is related to the retrospective nature of the study. We consider that this study provides the first evidence of the prognostic and predictive value of 1 H-MRS in HGA. Nevertheless, future prospective work should improve and validate the application of 1 H-MRS in clinical practice by suggesting partitioning and including 1 H-MRS in the scores. A final concern is the technique for performing spectroscopy. Parameters such as voxel size and positioning are difficult to standardize, and this difficulty results in a certain amount of variability. A consequence of this variability is that it might be necessary to recalculate thresholds for classification at each center to obtain optimal results.
Conclusions
In our study, we analyzed the whole range of the MR spectra obtained in patients with HGA, to define which regions were the most relevant for a prognostic assessment. We found that 2 points at STE, 0.98 and 3.67 ppm, and another 2 at LTE, 0.98 and 1.25 ppm, provided relevant prognostic information. These points were selected as prognostic factors in a stepwise multivariate analysis, and their prognostic significance remained even when oncologic treatment was administered. This predictive value of 1 H-MRS concerning survival could be very useful for evaluating whether intensive oncologic therapy is indicated in a particular patient.
